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1.0 INTRODUCTION

Supersonic ejector-diffuser systems have many applications both in
industrial and advanced, high technology settings. These applications
include jet pump compression, thrust augmentation, extraction of a
secondary fluid, mixing of two streams, ventilation and air conditioning,
etc. Another possible applicaticn is to the high energy chemical laser.
In chemical laser systems, the flow and lasing zones within the laser
cavity are estab{ished by the interaction, mixing, and reaction of mul-
tiple, two-dimensional, supersonic streams at relatively low absolute
static pressure levels. Accompanying the mixing and chemical reactions
between these streams, considerable energy is released to the flow which
tends, qualitatively, to increase the static pressure, to decrease the
stagnation pressure, and to decrease the Mach number of the "mixed"
supersonic flow within the laser cavity. At the cavity exit this stream
must then be pumped to ambient conditions so that the lasing process can
be started and sustained. A supersonic ejector-diffuser system is a
prime candidate for the pressure recovery required in this corrosive
environmerit.

The objective of this report' is to present the results of an inte-
grated theoretical and experimental investigation of supersonic ejector-
diffuser systems. In all cases, consideration is limited to configura-

tions for which the primary stream enters the mixing tube Supersonically

"Supperted by Army Research Office, DAHC 04-74-G-0112, and the Department
of Mechanical and Industrial Engineering.
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while the secondary enters subsonically or sonically. The theoretical
phase of the investigation emphasizes the development of simplified flow
modeis and computer programs to describe the pertormance of constant-

pressure, constant-area, and staged ejectors. In the experimental

investigation, small-scale, cold-flow studies were carried out to obtain |

quantitative performance data for potential ejector-diffuser configura-

tions. These configurations included various nozzle, mixing-tube, and

diffuser geometries which were operated over a range of flow variables.
! These data serve as a basis for comparison with the theoretical flow

models.

The results of this investigation are treated in det~3' .. subse-

|
! quent sections. .

&l
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2.0 THEORETICAL INVESTIGATION

Four areas are considered in this section; they are:
(1) Supersonic ejector system characteristics;

(2) The constant-pressure ejector;

(3) The constant-area ejector;

(4) The staged ejector.

The discussion of ejector characteristics is qualitative in nature

while detailed analyses and discussions are included for each of the
last three areas. In addition, the computer programs developed for mak-
ing the calculations are described; detailed program listings and sample
input/output data are included; and representative cases are presented
and discussed. The representative cases are not intended to be compre-
hensive in nature but rather are presented to cemonstrate the capabili-
ties, limitations, and the various facets of tne simplified theoretical
models.

The computer programs have been written with both straightforward
subsystems calculations and overall systems studies in mind. It is
therefore felt that they can be effectively incorporated into codes

developed for pr2liminary overall systems studies.

2.1 SUPERSONIC EJECTOR SYSTEM CHARACTERISTICS

To establish a basis for the detdailed modeling and performance
analysis of supersonic ejector systems, a qualitative discussion of the .
performance and nature of such systems is given in this section.

Emphasis has been placed on defining the general functional relationships

977
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describing the performance of these systems and how their form is depend-

ent on the internal flow phenomena.
A representative ejector configuration and the associated notation
are shown in Fig. 2.1-1. The primary stream is assumed to be supplied

from the stagnation state (P

po'Tpo) through a supersonic nozzle and the

secondary stream is supplied from the stagnation state (P The

so 'TSO)'
secondary and primary streams begin their mutual interaction at their
point of confluence at the primary nozzle exit. This interaction, as
well as the mixing between the streams, continues to the shroud exit
where they are discharged to the ambient pressure level PATM.

2.1.1 Performance characteristics

The cbjective of any ejector analysis is to establish, tor a

given configuration and working media, the performance characteristics of
the system. In general, the mass flow characteristics can be represented

functionally by:
A I (2.1-1)

ws/wp : f(Pso/Ppo’PATM PO
i.e., they are dependent on the stagnation pressure and back pressure
ratios.

An alternate formulation of the pumping characteristics in terms of

the static pressure ratio

the initial secondary stream Mach number, MSl,

PSl/P of the secondary stream at the point of confluence of the two

PO

, s given in functional

*0

streams, and the ambient pressure ratio, PATu/P
form by:

M, * f(Psn/Pro'PATu/Pro) . (.1-2)

978
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This selection of variables, although less obvious, is convenient for per-
forming the numerical calculations involved in many theoretical ejector
analyses.

In addition to establishing the functional form of the pumping char-
acteristics, another quantity of interest is the shroud wall pressure
distribution given functionally by:

Pw/PPo = f(ws/wp’pso/p

Po’p

ATM/pPO ) (2.1-3)

where x is the axial coordinate.

After establishing the above functional relationships, the thrust
characteristics of a system can then be determined in the thrust augmenta-
tion application. In practice, this is accomplished by considering the
contributions in the axial direction of the entering momentum fluxes of
the primary and secondary streams and the integrated shroud wall pressure
distribution.

2.1.1.1 Three-dimensional performance surfaces

The functional relations, (2.1-1) and (2.1-2), char-
acterize the "pumping" characte-istics of an ejector system and represent
surfaces in the spaces described by the coordinates (ws/wP,Pso/Ppo,
PATM/PPO) and Ugl,PSX/PPO,PAT"/PPO), respectively.

The pumping characteristics of a typical ejector system in terms of
the first set of variables are shown in Fig. 2.1-2. This surface clearly
delineates the flow regimes wherein the masc flow characteristics are
independent or dependent on the ambient pressure level. These flow
regimes merge together along the "break-off curve" and, in principle,

this condition serves to uniquely define this curve.
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To the left of the "break-off curve" (“supersonic" and "saturated
supersonic" regimes), the mass flow characteristics are independent of

PMM/PPo and the surface is cylindrical with its generator parallel to

the PM,M/PPo axis. For these regimes, the mass flow characteristics can
be represented by:

W /W, = f(PSO/PPO) (2.1-4)

P

when P /P < (PrrnPoo)

At PO To the right of the "break-off curve"

BO °

("mixed" regime), the surface is three-dimensional in nature and extends

from the spatial "break-off curve" to the plane where ws/wP = 0 (base

pressure plane); hence,

ws/wp N 1:(Pso/pvo’PA'm/PPo) (2.1-5)

when PA'm/ PPO (pA'm/ Ppo ) BO "’
In principle, .. "break-off curve" represents a simultaneous solu-
tion of the functional relationships (2.1-4) and (2.1-5). However, the
"break-off curve" also has a phenomenological interpretation based on the
flowfield interactions occurring within the ejector shroud. Points on
tne "break-off curve" are determined by the condition that transition from
dependence to independence of the mass flow characteristics on the
ambient pressure level will occur when the secondary stiream just attains
sonic conditions either inside the mixing tube or at its entrance. This
point will be further amplified in the discussion of the constant-area
ejector.
An alternative representation of the pumping characteristics in

terms of the variables (bgl.P /PPO.PATM/PPO) is given in Fig. 2.1-3.

Si
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Figure 2.1-3 Ejector characteristic surface MSI = f(PSI/PPO,P“"/P")
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For this surface, there are direct counterparts to the PATN/PPO-independ-

ent and PATM/PPO-dependent regimes of the ws/wP surface.

2.1.1.2 Two-dimensional parametric curves

The three-dimensional performance surfaces of

Figures 2.1-2 and 2.1-3 generally have their principal value in presenting
an overview of the performance characteristics of typical ejector systems.
In theoretical analyses or experimental programs, it is often more con-
venient to consider two-dimensional parametric representations of these
operating surfaces. These parémetric curves usually represent nothing
more than intersections of the performance surfaces with various planes
corresponding to constant values of the respective variables.

Two of the more useful parametric representations of the mass flow
characteristics are obtained by intersecting the ws/wP surface by planes

of constant P _ /P

L Fig. 2.1-4, and planes of constant PSO/PPO,

Fig. 2.1-5. Another interesting and useful parametric curve can be
obtained by intersecting the ws/wP surface by a plane for which

p_ /P

L Y L Fig. 2.1-6. The latter situation corresponds to

inducting the secondary fluid at ambient conditions and then discharging
the ejector to the same ambient conditions as occurs in thrust augmenta-
tion applications.

Also convenient, from the standpoint of theoretical analyses, are
intersections of the MSl-surface by planes of constant PATM/pPO'

Fig. 2.1-7, and planes of constant PSl/P Fig. 2.1-8.

po’
It will be of great utility to refer to these three-dimensional
solution surfaces and the two-dimensional parametric curves in succeeding

discussions of the thecr..ical models and experimental results.
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2.2 CONSTANT-PRESSURE EJECTOR

A schematic of a constant-pressure ejector is shown in Fig. 2.2-1.
This ejector consists of (1) a variable-area mixing section wherein the
primary and secondary flows are assumed to mix to form a uniform super-
sonic flow and (2) a downstream diffuser section. The analysis of this
ejector is based on analyzing separately the operating characteristics of
the mixing and diffuser subsystems, and then matching these characteris-

tics to determine the operation of the overall ejector.

The analysis of the flow in the mixing section is based on the
‘ principal assumption that the area of the mixing section varies such that
the summation of the integrated static pressure-area forces acting on the

flow within the mixing section is zero. Of the conceivable geometry-flow

combinations that could satisfy the above requirement, the assumption is

made that the area of the mixing section varies such that the primary and

secondary streams mix at constant static pressure to form a uniform mixed

s 2ol CC
i -

flow. Thus, to satisfy tin2 requirement of constant static pressure in

S \Qs._‘—.‘_')m-.

the mixing section, the mixing section area distribution must be different
for each cperating point of the ejector. While this requirement presents
) no problems from a theoretical standpoint, it does present several prob-
lems from a practical hardware standpoint. The first problem is that the
anaiysis does not provide any information on the mixing section area dis-
tribution between the entrance and uniform flow sections, Sections 1 and
2, respectively, in Fig. 2.2-1. The second problem is off-design opera-
tion of this ejector. Assuming “hat an area distribution can be found

for which the static pressure is cunstant for a given ejector geometry and
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operating point, the operation of this ejector at any point other than the

design point would, most probably, result in a significant mismatch of the

y
|
]
i

L ' system and operating conditions, thus causing poor ejector performance.

Downstream of the mixing section, the uniform mixed flow is diffused
E and discharged to ambient conditions. To analyze the overall ejector per-
% formance, a flow model must be adopted for the diffuser section. A simple
but adequate approach to this part of the ejector analysis is to assume a
constant-area diffuser whose pressure-rise performance can be expressed in

terms of the normal-shock pressure rise and an empirical pressure-rise

coefficient both of which are determiined by the supersonic entrance Mach
number to the diffuser.
2.2.1 Constant-pressure ejector analysis

2.2.1.1 Constant-pressure mixing section

The flow in the mixing section is analyzed by applying

the conservation equations and numerous assumptions to the control volume

g TV

shown in Fig. 2.2-2. These assumptions are:

~

(1) Steady flow, E%El = 0.

(2, Piecewise uniform flows at Section 1 and uniform flow at
Section 2.

{3) The primary and secondary gases obey the perfect gas
relationships.

{4) The primary and secondary streams mix ideally to form a
supersonic mixed stream at Section 2.

1 {5) Negligible shear stresses at the wall.

‘6) Adiabatic flow between Sections 1 and 2.
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The secondary-to-primary mass flowrate ratio, u = ws/wp. can be expressed

in terms of the mass flow function by

14
u=A_sL ES_.T_Pi f‘(Ys’M“) (2.2-5)
Apx wa Tso fx (YP’MPl) .
where assumption (9), P,, = Pg,» was used. Equation (2.2-3) can also be

expressed in terms of the mass flow function by

1/2
ﬁ;“i - e Tﬂ __(__)_f‘ oty ) = (1+p) (2.2-6)
An wa Txvn fl YP'%!

where PP1 = PMz was assumed.

For steady flow, the momentum equation for the flow direction is

g EFx : écs VX(QV-dA—) . (2.2-7)

Neglecting wall shear stresses, the summation of forces acting on the con-

trol volume in the flow direction is

- ZFX *PA P PRy PoAe L P 2.2=6)

or simplifying

0 T Pahey * Paihs, - Pahg - J PA, e.eea)

A
M2

where A = A, + A . According to assumption (9), the mixing sect.on area
distribution in the flow direction is assumed always to be such that the
static pressure along the wall is constant; as a consequence, ZFX = 0 in
Eqs. (2.2-7) to (2.2-9). Hence with assumption (2), Eq. {2.2-7) simplifies

to
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QNV:lA” +t o VA =p VA : (2.2-10)

s1'sl sl M2 M2 M2 ;_;,
With assumption (9), Pog = s, = Pz EA. (2.2-10) can be expressed in the
more convenient form
: i
S 1 2 2
Y +___YMz =—-'YM . (2.2‘]])
Plfl I-\,l s sl I'\n M M2
For steady flow, the energy equation is
W, ( 2
PQ _ ss . v V. Ak 5 »_19)
Bt - Bt i {h 5 tgzfoV - A (2.2-12)
As a consequence of assumptions (6,7,8), themenergy equation can be simpli-
fied to
6 (n,)oT + dF = 0 (2.2-13)
cs
V2
where ho = h+ 5 - For the piecewise uniform and uniform flows at
Sections (1) and (2), respectively, the energy equation becomes
wphpo + wshso = wmhuD . (2.2-14)
Using h) = C T and i = W /W, Eq. (2.2-14) can be combined with
Eq. (2.2-3) and the result rewritten as ,
i
ho ﬁ‘ T‘TCP)P 1+ (c’ji Lo (2.2-15) |
Tro Hu CP M E;)r Tro |
The relationships between the stagnation and static pressures for the
primary and secondary flows are determined in the following way.
According to assumption (10), the flows between the primary and secondary
stagnation states and Section (1) are assumed to be isentropic. Thus,
with PSI s P',l , the primary to-secondary stagnation pressure ratio is
given by
996
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PO
= = T (2.2-186)
Pso fz (YP ’le d

Ahere the isentropic pressure ratio function fz(y,M) is defined by
h -yl (y=1)
P—P- = [1 + 3—2-]- M2] = (v,M) . (2.2-17)

The static pressure, PMR, at the entrance to the diffuser can be expressed,

according to assumption (9), in terms of the secondary stagnation pressure,

pso’ by
P P
m o_s1 _
N f2(Ys M) (2.2-18)
S0 so

The preceding equations are the basis for determining the operating
characteristics of the constant-pressure mixing section. However, before
these characteristics can be determined, the properties of the mixed gas
at Section 2 must be determined and an overall approach to defining and
presenting the mixing-tube characteristics must be adopted.

A mixed perfect gas is assumed to exist at Section 2 as a consequence
of the mixing of the primary and secondary gases within the mixing section.
The properties of the mixed gas are determined by applying Dalton's law of
partial pressures to a hypothetical mixing process at constant volume of
the respective mass fractions of the primary and secondary perfect gases.
From this analysis, the properties of the mixed gas can be expressed by
the following relationships in terms of the secondary-to-primary mass
flowrate ratio, p, and the primary and secondary gas properties.

The ratio of specific heats at constant pressure of the primary and

mixed gases is
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In Eq. (2.2-19), the ratio of specific heats at constant pressure for the

(2.2-19)

secondary and primary gases can be expressed alternatively in terms of

other gas properties by

(C;,)s_wrs (vp-1)  Mw,

z — . o« m— (2.2-20)
(AR o VI {22seD)

P S

The ratio of molecular weights of the primary and mixed gases is
given by

Mw
M (1+u) "
= = Ve (2.2-21)

P ] 4y ot
Mwg

The ratio of the specific heat at constant pressure to the specific

heat at constant volume for the mixed gas is

( Mw -

p
1% ﬁw—}
e s s

i "™ Ty vg Y,-1) MW

(2.2-22)

P

P
1 (A PR O B ﬁg;}

P 8"
Equations (2.2-19) to (2.2-22) define the mixed gas properties com-
ﬁ. pletely in terms of the properties of the primary and secondary gases and
the mass flowrate ratio, u. Thus, any calculational approach is greatly

simplified and more straightforward if u is assumed to be known, at least

e

parametrically, at the outset. This approach will now be discussed.
There is considerabie latitude in determining and presenting the

operating characteristics of an ejector. Since the ejector characteristics .
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are, of course, unique, the preference of one approach or set of vari-
ables over another is one of convenience. The basic approach adopted
herain is to specify parametrically the secondary-to-primary mass flow-
rate ratio, u, and then to determine the corresponding values of the
ejector driving stagnation pressure ratio, PPO/PSO, and the overall
ejector compression ratio, PMS/PSO. Since the operating characteristics
of an ejector system can be represented by a three-dimensional surface

[1],* the foregoing approach simply represents the intersection of this

. . . ppo pus
ejector operating surface in ju, P+ p | space with planes of
S0

0
u= constant.**

At the outset, the following data are assumed to be known:

s? P’Mﬂp Tpo An 1
The specification of I\m/l\,,l instead of A_“/A*l is a convenience for
later comparisons between constant-pressure and constant-area ejectors.
Utilizing the foregoing data and a parametyic value of u, the mixed gas
properties

Gl M ]

CPM MwP bﬂ
can be determined from Eqs. (2.2-19), (2.2-21), and (2.2-22), respectively.

Tne mixed-to-primary stagnation temperature ratio, T;”/T , €an then be

?0

! Numbers in brackets refer to entries in REFERENCES.

"'Unfortunately, the constant-pressure ejector model is incapable of deal-
ing with this reality of ejector operation. This point will be con-
sidered in detail in Section 2.3 wherein the constant-area ejector is
analyzed. Note that this selection of variables is somewnat different
than those used in Section 2.1.
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determined from Eq. (2.2-15). Using these data, the sclution velue of

M. is determined from Eq. (2.2-6) by solving
(T+u)f, (v, oM, )
_ 1''p? P1 -
fL (M) = 7 e & (2.2-23)
b e PO
A (MW, Tm_
The solution value for M_ (supersonic root) is
) ( | L 13 1/ 2
{y +2y (v -1)C} -y
o= | = = (2.2-24)
YM YM
The next steps in the solution procedure are to determine Asx/APl and
M, < 1. To do this, Egs. (2.2-5) and (2.2-11) are combined to eliminate
tne unknown area ratio, A /A, , from the resulting equation. The result-
ing relationship to be solved for M, < 1is
fo(vg oM, ) uf, (v, .M, )
LS 3 5 R —— = (, (2.2-25)
1%, [’&_aYMz_”ﬁ s Too
LA“ MMz 'P PIL wwp Tso_
where a finite value with C2 > 0 is required for a meaningful solution.
The solution value for MSl is
) 1/2
M, = = . (2.2-26)
1+ (2(22--1)\(S
After determining M. < 1 from Eq. (2.2-26), the area ratio can then be
found by rearranging Eq. (2.2-11)
A
M
A [F YuMzm -YPM:J
S . QP ) (2.2-27)
A ¥
L Ys's1
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The flow through the mixing section is determined by the preceding
computational sequence and is characterized by the variables [HEI,A51/AP1,

ﬂmz]. A constant-pressure solution will exist only if

2 -1
2“1 < Ypl:‘ﬁ, - (YZ”:{M) YPNﬁI} (2.2-28)
where
T 1/2
b= (1+u)f (v, ,M,,l)/g—;vl . T:ﬂ (2.2-29)

If a solution exists, the mixing-section pressure ratios, PPO/Pso and
P.2/Psqe» can then be determined from Eqs. (2.2-16) and (2.2-17),
respectively.

To complete the analysis of the constant-pressure ejector, a dif-
fuser nust be specified that will diffuse the flow at Section 2 to
ambient conditions at the diffuser exit. The simple diffuser model used

in this study will be discussed briefly in the next section.

2.2.1.2 Constant-arei sugersonic diffuser

Supersonic flow entering a constant-area duct is recom-
pressed within the duct by an extended series of shock waves resulting
from shock wave-boundary layer interactions. The pressure level to which
the flow is recompressed depends on the entering supersonic Mach number
and the length-to-diameter ratio of the diffuser duct. Experimental
studies have established for various duct cross-sectional area geometries
the minimum length-to-diameter ratio of the duct required for the
extended shock structure. These data and an empirical correlation based

on these data are shown in Fig. 2.2-3; these results are taken from {2].

1001

A P s . R Yt . i e




S » e T o TR " MR T T S T SO TR TP T SR e s i T S R v s
o b ‘

e PSR TR Y A P YN O

]
- 4
‘GI T T T T T T T T
|
14} -
D
12— l -
10}~ -
|
| o
b b
=
il
TR _
|
A 0 Various rectangular ducts
: ’i s 0 Square duct
. & & Circular duct
. , L¢ = Length of shock system
, 2 D = Hydraulic diameter of duct
M = Average Mach number at duct entrance
0 L L 1 i b | 1
0.1 02 0.3 04 05 06 0.7 08 09 10
M-‘u‘
Figure 2.2-3 Empirical correlation for length-to-diameter ratio of
constant-area supersonic diffusers (from Reference [2])
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Thus, for a duct of sufficient length, the recompression shock
system is complete. The pressure rise across this shock system is
usually expressed in terms of the pressure rise that would exist across
a corresponding normal shock wave of negiigible thickness occurring at
the duct entrance supersonic Mach number. For the constant-area dif-

fuser of Fig. 2.2-4, the static pressure rise across the duct is

expressed by

O

F’E = 0 f5 (Yzyx'Mm) (2.2-30)
M2

where r_ is an empirical pressure rise coefficient and fS(YM'MMR) is the

normal shock static pressure ratio function. This function is defined by

2 -]
oM = o - Y (2.2-31)

The empirical coefficient, r,» accounts for possible incompleteness
in the shock recompression system, losses in the diffuser system, etc.
For system calculations, the functional behavior of this coefficient
must be determined from experiments. Another approach is to vary para-
metrically the value of r, to assess the influence of diffuser perform-
ance on ejector system operation. As a consequence, the value of r, is
left as an input value to the computer program for estimating constant-

. t
pressure ejector performance.

'Values of r. in the range, 0.75 < e 1.25, are commonly used for para-
metric studles.
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2.2.1.3 Overall ejector analysis

The operating characteristics of the constant-pressure
mixing section can be determined as outlined in Section 2.2.1.1. For

given values of
|:Ys Yp ,Mws/MwP ’Tso/Tpo ’Am/Apl ’MPl >1]
and a parametric value of u, the values of

4 [MM: ’M51’A51/A¥1]

é can be determined. Utilizing these values, the mixing section pressure
ratios

E [ppo/pso ’pm/Pso]

1

can then be found.

For a given value of the diffuser pressure-rise coefficient, the

diffuser static-pressure rise ratio, FEE/PMQ. can then be determined. The

| overall ejector comp:ession ratio is determined from

m———“—:—_‘-;—.

e

el
(M)

el

¥ S s

M it

5 S (2.2-32)

'S I
S0 S0 A2

O

f
1
1
{
1
i where P /P, and P (/P  are from Eqs. (2.2-18) and (2.2-30),
# ! respectively.
The operation of the constant-pressure ejector is then established
in terms of the variables [u,PPO/Pso,Plg/Pso].
2.2.2 Constant-pressure ejector computer program (CPE)
A computer program was written, based on the analysis of
Section 2.2.1, to determine the operating characteristics of constant-
pressure ejectors. A compiete listing of this program is given in |

Appendix 6.1.
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marized in Table 2.2-1.

The input variables, their symbols, and their default values are sum-

in Table 2.2-2.

The output variables and symbols are summarized

Table 2.2-1
Input variables for program CPE
Variable Symbol Default value
Yg GS 1.405
Yp GP 1.405
Mwg /Mw, MWSP 1.0
AL TSPPP 1.0
Am/Apl AM2P1 ---
M, MP1 --- (>1.0)
r, RD 1.0
u=ws/wP WSPI ---
--- CASE "NEW"
Table 2.2-2
Output variables for program CPE
Variable Symbol
i GM
M"M/er MWMP
--- NCASE
M MM2
M
M, MS1
A, /A, AS1P1
Peo/Pso PPRSP
PP PM3SP
1006
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2.2.3 Representative results
To demonstrate typical operating characteristics of a
constant-pressure ejector, the ejector configuration summarized in

Table 2.2-3 was selected.

j Table 2.2-3
] Representative constant-pressure ejector configuration
é Variable Value
T 1.4
Yp 1.4
- Mwg /Mw, 1.0
?5 3‘ Teel oo 1.0
gi Ap/A, 3.0,4.0
L ) M, 4.0
5‘?' r 1.0
Rl - .
21 | u Varied
!

The operating characteristics of this ejector system are summarized

v

in Fig. 2.2-5. From this figure, it is clear that the constant-pressuie

ejector solution exists for each area ratio over only a relatively small

range of mass flowrate ratios. Corresponding to this range, the value Jf
Msn varies throuchout its possible range, 0 < MSl < 1. The compression
ratio for this ejector {s highest for relatively small values of MSl;
this is the reason that Mgl = 0.20 is often chosen in discussions of the
ﬁ _ theoretical performance of this type of ejector. In the neighborhood of

small values of M, it is seen that Ay /A varies significantliy. !
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Figure 2.2-5 Representative characteristics for a constant-
pressure ejector
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This constant-pressure ejector configuration was chosen for compar-
ison with a constant-area ejector with a similar configuration,
Section 2.3.3.

A comparison of the compression pressure ratio characteristics of the
constant-pressure ejector (Fig. 2.2-5) and constant-area ejectors
(Figs. 2.3-4b,d) with the same values of Ap/A, and M, shows that
both ejectors have approximately the same maximum compression pressure
ratios. However, the constant-area ejector is seen to have a much broader
range of possible solutions.

Due to the large number or variables involved, no attempt was made
to present herein a comprehensive parametric study of the constant-
pressure ejector or expected trends as a consequence of variations in
these variables. Rather, it is reconmended that the computer program be
used to make these studies only after a baseline configuration has been

established.

2.3 CONSTANT-AREA EJECTOR

A schematic of a constant-area ejector is shown in Fig. 2.3-1. The
ejector consists of a constant-area mixing section wherein the p: -.nary
and secondary flows interact and mix to form a uniform mixed flow at the
ejector exit. The constant-area ejector has two distinct operating
regimes which are identified according to whether the mass flowrate char-
acteristics of the ejector are dependent or independent of the back-
pressure level imposed at the ejector exit. In the literature [3,4], the
back-pressure dependent regime is referred to as the "mixed" regime and

the back-pressure independent regime as the “supersonic" and
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"saturated-supersonic" regimes. While these designations are somewhat
misnomers, they do, however, describe the operating regimes of an ejector
in analogy to a conventional converging-diverging nozzle [1].

The performance of an ejector system can only be analyzed by estab-
1ishing both the conditions for these flow regimes to exist and the
conditions for transition between these regimes. The transition condi-
tions between the "mixed" and "supersonic" or "saturated-supersonic"
regimes are referred to as the "break-off" conditions.

The "supersonic" regime of an ejectcr is the result of the nearly
inviscid interaction between the primary and secondary streams downstream
of their confluence, Section 1, Fig. 2.3-1. The static pressures at the
confluence of the flows must be such that the supersonic primary flow
expands and interacts with the subsonic secondary flow causing it to
reach sonic flow conditions at the aerodynamically formed minimum
secondary flow area. As a consequence of this secondary flow choking
phenomenon, the secondary mass flowrate is determined independent of back-
pressure conditions. While the ejector mass flowrate characteristics are
independent of the back-pressure level, the complex shock, mixing, and
interaction flow structure that governs the pressure recovery is depend-
ent on the back-pressure level.

The "saturated-supersonic" regime is a limiting case of the "super-
sonic" regime, The ejectcr conditions are such that the secondary flow
reaches sonic flow conditions at the geometric minimum area at the conflu-
ence of the primary and secondary flows (Section 1). Again, the mass
flowrate characteristics of the ejector are independent of the back-

pressure conditions while the recompression flow process is not.
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The "mixed" regime includes all ejector operating conditions for which
the secondary mass flowrate is dependent on the back-pressure level. This
dependency is the result of the secondary flow not attaining sonic flow
conditions at either the confluence of the streams or within the downstream
interaction region. Consequently, both the secondary mass flowrate and the
ejector recompression process are dependent on the back-pressure level.

The criteria for determining the "break-off" conditions are derived

from the requirement that a continuous transition between the "supersonic"

© or "satura*ted-supersonic" regimes and the "mixed" regime must exist.

These criteria and the determination of the "break-off" conditions are
important factors in analyzing and understanding ejector operation.

The constant-area ejector has been analyzed by a detailed interaction
model [?,5] which has been generalized to include variable-area mixing
section ejectors [6]. While the operational characteristics predicted
with this model are in good agreement with experiment, the computational
time requirements and compliexities eliminate this technique as an effec-
tive method for making broad-band parametric studies of ejector operation.
As a consequence, the study herein is restricted to the constant-area
ejector which exhibits all of the operational chara:teristics of more com-
plex geometries but yet can still be analyzed by simplified one-
dimensional methods. The one-dimensional analysis provides results that
are generally in good agreement with experiment except at small secondary
flowrates when Psx < pr‘ The reason for this breakdown ir th< flow
model is well-known {i,5]; essentially, the reason is that the fiowfield
shifts from being one-dimensional in nature to a flowfield that is two-

dimensional in nature. This change in flowfield character is the direct
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result of the expanding supersonic primary flow interacting with the mix-
ing-section wall. Thus, the one-dimensional analysis would be expected
to yield poor results for this flow regime. This deficiency in the flow
model should not cause significant problems as long as there is an aware-
ness of the existence and causes of the problem.

The components of the constant-area ejector model, their analyses,
and the computational approach will now be discussed.

2.3.1 Constant-area ejector analysis

The ejector flow model consists of essentially two components.

One component is the overall analysis of the constant-area mixing section,
Sections 1 to 3. The other component is the analysis of the nearly
inviscid interaction region just downstream of the confluence of the pri-
mary and secondary flows. These components are incorporated into an
analysis from which the "break-off" conditions, the mass flowrate char-
acteristics, and the compression characteristics can be determined.

This analysis is based on the work of Fabri, et al., [3,4].

2.3.1.1 One-dimensional overall mixing-section analysis

The control volume used in the overall mixing section
analysis is shown in Fig. 2.3-2. The piecewise vniform primary and
secondary flows at Section 1 are assumed to interact and to mix within
the mixing section to form a uniform mixed flow at Section 3. As a con-
sequence of the existence of the "mixed" and "supersonic" or "saturated-
supersonic" regimes, the ap, :ication of the conservation relations to
this control volume does not, in general, result in a unique solution for
the flow in the mixing section. As a consequence, additional conditions

must be imposed to find a unique solution for the "supersonic" and
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Figure 2.3-2 C(Constant-area mixing section control volume

1014




Lo

"saturated-supersonic" regimes since the secondary mass flowrate charac-
teristics are independent of the back-pressure level at Section 3 for
these regimes. The additional conditions required for a unique solution
are provided by the secondary flow chcking phenomenon which is the result
of the interaction ¢f the primary and secondary flows downstream of their
confluence. No additional conditions are required for the "mixed" regime
other than satisfying the boundary condition at the ejector exit plane
that the exit-plane pressure is equal to the ambient pressure level.
The transition between these regimes defines the "break-cff" conditions,
i.e., the conditions for which a unique solution can be found that
simultaneously satisfies the "supersonic" or "saturated-supersonic"
regimes and the "mixed" regime.

The analysis of the overall mixing section is based on the applica-
tion of the conservation equations and the following assumptions to the

controi volume of Fig. 2.3-2. The assumptions are:

(1) Steady flow, ééfl = 0.

(2) Piecewise uniform flows at Section 1 and uniform flow at
Section 3.

(3) The primary and secondary gases obey the perfect gas
relationships.

(8) The primary and secondary streams mix ideally to form a
mixed stream at Section 3.

(5) Negligible shear stresses at the wall.

{6) Adiabatic flow between Sections 1 and 3.

(7) No shaft or shear work between Sections 1 and 3.
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(8) A negligible change in potential energy due to variations
in elevation in the mixing section.

(9) The primary and secondary flows are assumed to be isen-
tropic from their respective stagnation states to the
states at Section 1.

The continuity equation is

§ oVed=0 (2.3-1)
cs

and with assumption (2) becomes

e Ve A1 P VsiRs T Pg VisPe (2.3-2)

In terms of the mass flowrates, w = pAY, the continuity equation is

-~

W, tW =W . (2.3-3)

The mass flowrate, w, is expressed in terms of the mass flow function by

1/2

w [R _ (y-1) _

= @_w . To] - M[:Y“ PR (2349)
Introducing the secondary-to-primary mass flowrate ratio, u = ws/wp, and
Eq. (2.3-4) into Eg. (2.3-3) results in an expression for the static
pressure ratio Pw/P“. The result is

—1l/ 2
Pus | (M | T P’L‘] _(___Tf‘(Y’ ) (1+1) (2.3-5)
PPl LWM TP o_( [}-w | f1 YM'Mr.B

In terms of the mass flow function, the mass flowrate ratio, u, is

1/2
g A P_s‘_ . Ay ‘-ZM_S- . T’i i (YS'MS‘) (2.3-6)
pPl KFT LM"‘P Tso fl (YP '&1)

The static pressure ratio, Pm/PPl , can be expressed from £q. (2.3-6) as
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) Psi A [M“P I -,”2 f (v oM,)
A

5 (2.3-7
Pl s1 | M Tpo_l flhs ’M51) )
The momentum equation in the flow direction is

o JF, = fcs v (V-dR) . (2.3-8)

With the foregoing assumptions, the momentum equation becomes

- 2
| Pl'\n 51 51 - PmAw B pmAm M (p Avapl * psnA51V31)
- (2.3-9)

i Equation (2.3-9) can be expressed in a more convenient form by

A . P A

IR 1Y Mz] { | = g2 _&g(
Y + |14y

Ppl APl s sl \ pM:1 Ppl A

Equations (2.3-5). (2.3-7), and (2.3-10) can be combined and

Ty
O
wn
—
——
—
+

14y 1 ] (2.3-10)

M M3

rearranged into a form that is particularly convenient for computation;

.rA;z
} the result is
E; T 2
P 0
fS(YP 'MPI) * fs("'s 'MSI) M. T-l &
- s PO :

:. fs(Ym’Mw) - I -]1/2' ' (¢.3-1)
i MO
» a0  —  (1+)
3 [::‘t; Po_l
§ where the function fs(y,M) is defined as

f (v M) = (o) (2.3-12)

ME{] +1§lMz}]llz

The relatioaship, fs(y,M) = constant, can be solved for the Mach number,

i, as
M= \ Ls-z} < ;’fi-Z]z + 2(171] {f: - (éﬁﬂm )m (2.3-13)
‘ (Y']);—fi --(72_31{} s

I o ) P, =
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The energy equation is

DW 2
pQ . _Ss . v V- dA X
Pt Bt s h+ + qZl(pV dA) . (2.3-14)

with simplifying assumptions (6,7,8), the energy equation becomes

h (oV-dA) = 0O (2.3-15)

where hy = h + V2/2. For the overall mixing section control volume, the

energy equation becomes

wphpo + wshso = wwpwn : (2.3-16)

The continuity and energy equations can be combined along with h0 = CPT°
and u = ws/wP to develop an expression for the mixed-to-primary stagnation

temperature ratio. The result is

T ’(C [’ T '\
MO P'P S0
— 1_——Y— 1+ 'R R . (2.3-17)
Tpo 1+U L_ P ;] P TPqJ

The secondary-to-primary stagnation pressure ratio can be expressed

oy

Pso _ fs1 T____Y(PN"PN) (2.3-18)

3 Peo Pl Psn/Pso

where the pressure ratios pr/Ppo and PSl/Pso are by assumption (9)
determined for jsentropic flow. For isentropic flow, the pressure ratio

function is defined by
; 2. = Yzl LI ) 1
g AR K ¥ S M (2.3-19)

Thus, Eq. (2.3-18) becomes
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(2.3-20)

O

PO PPI 2(Ys’M31
In the preceding equations, the gas properties of the mixed flow at
Section 3 must be known. These properties are determined for the mixed
gas by applying Dalton's Taw of partial pressures to a hypothetical mix-
ing process at constant volume for the respective mass fractions of the

primary and secondary perfect gases. The mixed gas properties are

expressed in terms of the secondary-to-primary mass flowrate ratio and
} the primary and secondary gas properties by
!
t s (2.3-21)
by
|
¥
I Mw
ij e T (2.3-22)
4l ,
i
i and
r -1
{0+ m"}
h Y".]} ™, (2.3-23)
} Y“ =41 - { Yl, Ys (YP_]) wa .

Q1 +1J§:'Fajryﬁq;}

The ratio of specific heats at constant pressure can be expressed in terms

of other properties by

(G v, (vp=1) M Lot
A e VR e
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Equations (2.3-21) to (2.3-24) define the mixed gdas properties completely
in terms of the properties of the primary and secnndary gases and the
mass flowrate ratio, .

The computational procedure adopted herein will now be discussed.

At the outset, the following data are assumed to be known

e R

L P PO 1

If the primary nozzle base area is assumed to be negligible, the constant-

area mixing section requirement is
A

St | |
IR 1 . (2.3-25)
{

Using these data and a parametric value of u, the mixed gas properties at

Section 3 can be determined from Eqs. (2.3-21) to (2.3-23); the results

e M
(gim Mw, M

are

The mixed-to-primary flow stagnation temperature ratio, Tyn/TPO, can then
be found from £q. (2.3-17)
An examination of Eqs. (2.3-5), (2.3-7), and (2.3-11) shows that the

following variables are ctill to be determined; they are

PSI pm
M < ]’ D M s B
[sx - Ppl M3 PPJ

Thus, this set of equations must be supplemented, as discussed in the
foregoing sections, with an additional relationship before unique ejector

solutions can be determined. The needed relationship is between the
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variables MSl and PSl/PPl for a parametric value of u. The form of this
relationship, as will be discussed in the following sections, is deter-
mined by the operating regime.

Thus, with the aforementioned input data, a parametric value of u,

and a presumed relationship between (M

s 0 Pg /Py, )s 211 values at

Section 3 can be determined by the foregoing analysis.

The subroutine, CAEOCV(...). has been written, based on the fore-
going analysis for the overall control volume, to carry out the computa-
tions as just describer.. The subroutine has the form

CAEOCV (GP, MP1, GS, MS1, MWSP, TSGPM, PSIP1, APIM3, NERROR,
MM3, PP@SP, PM3SP, PMPSP).

For input values of (GP, MP1, GS, MS1, MWSP, 7SPPP, PSIPi, APIM3), the
subroutine either returns a set of solution values for (MM3, PM3SP,

PM3S1, PPPSP, PMPSP) or a no-solution erior indicator NERROR.

| L B

A listing of this subroutine is included in Appendix 6.2.

? 2.3.1.2 Ejectcr flow regimes and their criteria

i

i Tha rels:ionship between the static pressures, PSl and
Ppl, determines the operating regi~e of an ejector.

If P;, > P, » the ejector operates in either the "saturated-
supersonic" or the "mixed" regime because (1) the minimum secondary flow
: area is equal to the geometric secondary flow area at Section 1, and (2)
the secondary flow is subsonic upstream of Section 1 thus limiting ”kx
to the range, 0 < ”El < 1. For the "saturated-supersonic" regime, the

] secondary flow s sonic at Section 1, Mg, = 1, and the secondary mass

flowrate is determined solely by the upstream conditions. For the "mixed"
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regime, the secondary flow at Section 1 is subsonic, ME; < 1, and the
secondary mass flowrate is dependent on both the upstream and downstream
conditions.

IfP <P

s1 b1 the ejector operates in either the "supersonic" or

the "mixed" regime. In both regimes, the primary flow expands and inter-
acts with the secondary flow to form a minimun secondary flow area, i.e.,
an "aerodynamic" throat, in the primary-secondary interaction region,
Section 2, Figs. 2.3-2, 2.3-3. Since the secondary flow is subsonic
upstream of this minimum-area location, specifically Mgl <1, the
secondary flow Mach number at the minimum-area location is limited to

r%z < 1. For the "supersonic" regime, the secondary flow is sonic at the
minimum-area location, NE: = 1, and the secondary mass flowrate is deter-
mined solely by the conditions at and upstream of the minimum-area
location. For the "mixed" regime, the secondary flow is subsonic at the
minimum-area location, ME: < 1, and the seconidary mas flowrate is
dependent on both the conditions upstream and downstream of the minimum-
area location.

The determination of the break-off conditions for transition from
one operating regime to another is an important consideration in the
analysis of an ejector system. The possible transitions are between:

(1) The "saturatea-supersonic" and "supersonic" regimes,

(2) The "saturated-supersonic" and "mixed" regimes, and

(3) The "supersonic" and "mixed" regimes.

The criteria for determining each transition are based on the relatiorship
between the pressures, PSl and pr’ and the Mach number at the minimum

flow area, either Section 1 or 2 as the case may be. [f the Mach number
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Figure 2.3-3 Control volume for Fabri "choking" analysis
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at.the minimum flow area is unity, the ejector operates in either the
"saturated-supersonic" or the "supersonic" regime; while if this Mach
number is less than unity, the ejector operates in the "mixed" regime.
The break-off conditions for transition between the various regimes
must satisfy the following conditions. They are:
(1) For the juncture of the "saturated-supersonic" and

"supersonic" regimes: (M51)so =1 and (PSI/PN)Bo =1,

(2) For the "saturated-supersonic" and "mixed" regimes:

=1 and (P51/P )., > 1; and

(M Pl BO

SI)BO

(3) For the "supersonic" and "mixed" regimes: (M51)Bo 4

\ =
(PSI/PPI)BO <1, and (Msz’so 1.

For case (3), the transition requirements are special since the value of
(Msx)Bo < 1 must be determined based on the requirements that

(Psx/Prx)so <1 and (Msz)Bo = 1. The flow model and analysis due to
Fabri, et al. {3,4], for analyzing the “"supersonic" regime will now be
discussed.

The control volume for this analysis extends between Sections 1 and

2, Fig. 2.3-3. In addition to the assumptions listed in Section 2.3.1.1,

the following additional assumptions are made:
(1) The streams remain distinct and do not mix between
Sections 1 and 2.
(2) The flow is isentrcpic for each stream between
Sections 1 and 2.
(3) The average pressures of the streams can be different at

each cross-section.
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(4) The Mach number of the secondary flow at Section 2 is
Ms2 = 1.
(5) The static pressures at the mixing tube inlet are such
that Pp1 > PSI.
For an assumed value of MSl, and since Nkz = 1, the secondary flow

area at Section 2 can be expressed in terms of the secondary flow area at

Section 1 by the isentropic area-ratio function

.As_1=_A.( M) =f (yv.,M ) (2.3-26)

A, K= Ys Mgy / T T4 gl -9
where

A w2 -1 Cyrh)/20y=1)

A* (ysM) = M E(?;Ty « {1+ 12— MZ}:' (2.3-27)

The primary flow Mach number M, is determined from the available flow
area at Section 2 and the assumption of isentropic flow between
Sections 1 and 2. Since A = (A51+Abx) = (Ag2+A»2) = constant, the isen-

tropic area-ratio function to be solved for M,,2 is

T O A
A _ i (“sx/;isz) A
A* (YP M,z) = f4(Y,, ’mz) = 17 = A (YPJ@,I) (2.3-28)

where f‘ (Yp ‘N\»z) > 1 is necessary and the supersonic branch of the A/A*
function is used.

The momentum equation for this flow and the control volume shown in
Fig. 2.3-3 is

PslAsn(HYstn) ¥ Pnl\n(]ﬂ’r’ﬁn) = Pgahgy litvgs szAPz(hYP"tz)
(2.3-29)




This expression can be rearranged into a more convenient form to determine

PSl/pP

P, /Pee) (A, /AY)
Ps1 HP::/P:ZY' (Kfﬂ\:) (‘W,M,f,] - (‘*Yp"ﬁl]]

Per [-(EZAW)J[(HYSMZ) Psa/Pso ”*Ys){l'

,» the relationship is

(2.3-30)

API/AAE s10 7 (pSl/pS(D . (ASI/A;

In Eq. (2.3-30), the functions (PPZ/P P /P

PO’ 'P1 Py, /P

PO’ 'S2 P51/pso) and

so’
(A?I/A;, A, /AYs A /AY ) are determined from the isentropic pressure-ratio
and area-ratio functions, Eqs. (2.3-19) and (2.3-27), respectively.
Thus, for the "supersonic" regime, a value of PSI/PPl can ba deter-
mined for an assumed value of M, and given values of (ys, Yoo My
API/AMS)' This then provides the necessary additional relationship between
<he variables to determine the "supersonic" ejector operating characteris-
tics and the transition between the "supersonic" and "mixed" regimes.
A computer subroutine, CAEFC(...), has been written based on the
foregoing analysis of the Fabri criterion for "choking" in a censtant-area
ejector. This subroutine has the form
CAEFC(GP, MP1, GS, MS1, APIM3, PS1P1, NERROR, NTYPE)
where for input values of (GP, MP1>1, GS, MS1<1, APIM3) the subroutine
will return a value of PSIP1 and a value of the iteration control vari-
able NTYPE or an error indicator NERROR.
A listing of this subroutine is included in Appendix 6.2.
Assume for the moment that the break-off values are known for each
of the three transition cases; then with the analysis of Section 2.3.1.1,

the break-off values at Section 3, i.e., {(M“B)Bo, (P‘B/? )ao' etc.)) can

Pl
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be determined for each case. Thus, ranges of these variables can be .
determined for operation within the various ejector operating regimes.
For the actual operation of an ejector, the operating regime is
determined by the relationship between the externally imposed pressure
boundary condition, Pome 3t Section 3 and the break-off values. The (

usual operation of an ejector is with MMB < 1 and thus Pms = PATM

required. Consequently, the ejector operating regime is determined by

the relationship between P and the break-off values (P

ATM na)so'

2.3.1.3 Computational procedure

As 1s the case in many compressible flow problems,
it is more convenient to establish the overall operating characteristics
of the ejector rather than to determine the operating characteristics for
a specific set of conditions. This is the approach taken herein.

The operational characteristics of the constant-area ejector are
investigated and presented in terms of the variables (y, Ppo/Pso,
PLB/PSO)'. For given values of (ys. Yp o Ma /M, Apl/Amu' TSo/Tpo’

NLI > 1), the mass flowrate ratio, u = constant, is specified parametric-
ally and the range and solution values of (P, /P , P,s/Ps,) are to be
determined.

The first step in this procedure is to determine, for the parametric
value of u, whether the ejector would operate in the "saturated-
supersonic" or "supersonic" regime for a very low back pressure. This

determination is made in the following way. At the juncture between the

"saturated-supersonic" and "supersonic" regimes, (Msx)ao = 1 and

'Note that this choice of variables is somewhat different than those used
in Section 2.1.
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(Psx/Pn)no = 1. For these conditions, the value of u at the juncture of
these regimes, u , is calculated from Eq. (2.3-6). If u> u » then the
ejector would operate in the "saturated-supersonic" regime and the
break-off would be between the "saturated-supersonic" and "mixed" regimes.
Howe*r, ifuc My then the ejector would operate in the "supersonic"
regim;‘ and the break-off would be between the "supersonic" and "mixed"
regimes.

For the "saturated-supersonic" regime, {(M ) =1, (P, /P ) > 1},

the corresponding break-off values of (Pm/Pso)Bo and (PM/PSO)Bo are
determined from the analysis presented in Section 2.3.1.1. The remainder
of the ejector operating characteristics in the "mixed" regime are deter-
mined by arbitrarily varying M, in the range (MSI )Min < MSI < 1 and then
determining the flow conditions at Section 3 for this flow to exist. For
an assumed value of MSI in this range, the value of P, /Py, is determined
for yue parametric value of u from Eq. (2.3-7); the lower limit for M

in this analysis is set by arbitrarily limiting Psx/Pn to the range

(PSI/PPI)BO < PSI/PPI < (PSI/PPI)MAX

where (PSI/P',1 )m is the static-pressure ratio at which a normal shock
wave would stand at the nozzle exit plane, i.e.,

PSl

nrnrms

PPl

Py

* 5 (vp M, ) = £y, M) (2.3-31)
X

me
The values of the variables (Pm/Pso, PPO/PSO) for this flow to exist are

then determined according to the analysis of Section 2.3.1.1 for the

"mixed" regime.
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For the "supersonic" regime and the parametric value of 0 < p < My

the values of {(Msx)ao s 1, (Psx/pr)ao < 1} must be determined by an

iterative procedure. The procedure followed is to assume a value of
(MSl)i in the range 0 < (ka)i < 1; from Section 2.3.1.2, a value of

(Psx/Ppl)i can be determined. With these values of {(Nkl)i, (Psl/P ).}

P17

u, can be determined from Eq. (2.3-6). The iteration proceeds until a

value of (M is found that satisfies the convergence requirement

sx)i
u.

e> |1 - —31 >0
u

where ¢ is nominally taken as 10™*. Thic procedure establishes the

break-off values of {(Msx) (PSI/P ).} for the "supersonic" regime.

Bo'® Pl ‘'BO

The remainder of the break-off values {(PMB/P (PPO/P ).} for the

so)so’ so’Bo

"supersonic" regime are determined according to the analysis of
Section 2.3.1.1

The remainder of the ejector operating characteristics in the
"mixed" regime are determined by arbitrarily varying MSl in the range
)

the value of PSl/PPl > (PSl/P“)Bo is determined for the parametric value

(M <M. < (M

e Ty » For the assumed value of M, in this range,

BO®
of u from Eq. (2.3-7); again, the lower limit for M, in this analysis is

set by arbitrarily limiting Psx/pr to the range

p
¥
(Psx/Prx)ao < psxlppx < ﬁ;-(YP'Mkl)

For each set of values (u, M

. PslePl). the values of the variables

(p /P, P /P ) for this flow to exist are then determined according
M3 SO PO SO

to the anaiysis of Section 2.3.1.1 for the "mixed" regime.
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These analyses have been incorporated into a computer program for
convenience of calculation. This program will now be briefly discussed.

2.3.2 Constant-area ejector computer program (CAE)

The constant-area ejector program, CAE(...), is based on
the analyses presented in the preceding sections. The program is
written in FORTRAN IV and is listed in Appendix 6.2.

The program is organized from the following constant-area ejector
(CAE...) and miscellaneous subroutines. They are:

(1) CAE: Main program.

(2) CAENZF(...): Non-zero flow ejector characteristics.

(3) CAEOCV(...): Overall control volume analysis for the

mixing section.

(4) CAEFC(...): Fabri criterior for "choked" flow.

(5) MSAR(...): M* = f(y, A/A*) for isentropic flow.

(6) ITER(...): Iteration control subroutine.

The input variables and their computer symbols, default values, and
input format are given in Table 2.3-1.

The output from CAE can be selected in either of two forms depending
on the value of PRINT. For the default value, PRINT = 'ALL', the
ejector break-off conditions, operating regime for low back pressure,
and operating and compression characteristics are determined for the
input values of the system variables and the parametric value of u, WSPI.
Then the operating characteristics are determined within the "mixed"
regime at a number of discrete points, or until the maximum value of

PSI/PPI is reached. Thus, a cut is made through the ejector operating
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Table 2.3-1
Input for program CAE
Variable Symbol Default value
g GS 1.405
Yo GP 1.405
Mwg /M, MWSP 1.0
t
API/ALS APIM3 ---
M, MP1 ===
| Toa e TSpPR 1.0
: _ t
b H= W /W, WSPI ---
| | --- CASE "NEW"
% J PRINT WAL
)
,( ‘ 'These data values must be input for at least the first case in a series
: A of cases.
'%7 Notes: (1) The input format is by NAMELIST: S$ICAE ... $END.
i
i (2) See main program comments for CAE, Section 6.2.1.

surface at a value of u = constant. In this way, the overall ejector
operating characteristics can be established. These data (u, PPO/PSO,
Pus/Pso)’ are suitable for three-dimensional graphical presentations or
as a step in an iteration procedure to determine a specific ejector
operating point for a specified set of <onditions.

For the input value, PRINT = 'B0', only the ejector break-off con-
ditions, operating regime for low back pressure, and operating and com-
E pression characteristics are determined for the input values of the

system variables and the parametric value of u, WSPI.
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The output variables and their computer symbols are summarized in

Table 2.3-2.

Table 2.3-2
Output for program CAE
Variable Symbol
Pkl MS1
PSl/P'Pl PS1P1
; Mg MM3
l
| i --- NCASE
i Poo/Pso PPPPSP
1§
5 ! Pos Pso PM3SP
| (? ' P /Pss PMRSP
fﬁ}
‘y: Notes: (1) The regimes are identified by: "“saturated-supersonic"
;i regime = SSR; "supersonic" regime = SR; and "mixed"
| regime = MR.
E (2) The input variables and current values are printed for
] each case.

2.3.3 Representative results
To demonstrate typical operating characteristics of a
constant-area ejector, the ejector configuration summarized in
Table 2.3-3 was selacted.
The mass flowrate ratio charactaristics for the back-pressure inde-

pendent regime are shown in Fig. 2.3-4(a) for M, = 4.0 and
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A, /A = 0.25, 0.333 and Fig. 2.3-4(e) for M, = 5and A, /A = 0.25.

The compression pressure ratio characteristics are given in Figs. 2.3-4

The compression pressure ratio characteristics are a convenient aid

(b,c,d).
Table 2.3-3
Representative constant-area ejector
configuration
Variable Value
Ys 1.405
3
s 1.405
'l Mg /o, 0.5,1.0,2.0
.‘. Tso/Tpo 1.0
:; ‘{ A /As 0.125,'0.333
r&" Moy 4.0,5.0
i wp /ws 2.0-20.0
A
r.
4
‘X
i

in understanding the cperational characteristics of an ejector system.
Referring to Fig. 2.3-4(b), the lower-left to upper-right band of curves
represents the "mixed" regime and forms the break-off curve as the locus
of "break-off" points. For any given wp/ws, the "mixed" regime follows
one of these curves up to the "break-off" point where the compression
curve becomes a vertical line for either the "SR" or "SSR" corresponding
to the value of wp/ws. The back-pressure independent regimes are on or
below the "break-off" curve. The "MR," "SSR," and "SR" are also shown in

the figure.
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(a) Mass flowrate characteristics

Figure 2.3-4 Constant-area ejector characteristics
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(b) Compression characteristics 1

Figure 2.3-4 Continued
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(c) Compression characteristics for parametric
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Some of the even more simplified analyses of constant area ejectors
assdme matched static pressures at the confluence of the secondary and
primary streams, i.e., P, = Pp1° For the configuration analyzed in
Fig. 2.3-4(b), the portion of the operating characteristics where this is
true is indicated by the dotted band. The range is seen to be rather
limited and thus does not present a compiete picture of the overall
ejector operating characteristics. As a consequence, one must conclude
that this assumption is overly restrictive and not that useful.

Figures 2.3-4(c,d,e) show the effects of varjations in Mg /Mw;
A¥1/AM3, and M¥1 , respectively, on the compression characteristics of

these constant-area ejectors.

2.4 STAGED CONSTANT-AREA EJECTOR SYSTEM

When an application requires an ejector system to have an overall
compression-pressure ratio greater than 7-10, considerations of optimiza-
tion, operating pressure levels, mass flowrate ratio, etc., indicate that
a multi-staged ejector system should be used. In staged ejector systems,
each stage must pump all of the mass flow through the preceding stages
unless interstage condensation is used. If interstage condensation is
not practical, the size and totai primary mass flowrate requirements
effectively limit, except in very special cases, the number of ejector
stages to two. For purposes of demonstration, a two-stage ejector system
based on the constant-area ejector will be discussed.

2.4.1 System configuration

A block diagram of a staged ejector system is shown in

Fig. 2.4-1. The overall compression ratio and mass flowrate ratio are
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of principal concern; for each stage, the primary-to-secondary pressure
ratio is also of interest. These system characteristics, referring to
Fig. 2.4-1, can be expressed in terms of the individual stages by the

following equations.

(Ws)l ) (ws/wp)l

), O+l g 7w ), 17 (W Ty ), ) (2.4-1)
where (W), = (w,), + (w,),. The overall compression ratio is

(PW)Z Pws\ (Pso)z Pis

(PSO)I‘ ) Pso 2 ) Wm)x ) PSO i * (2.4-2)

The pressures, (Pso)2 and (PNB)I’ are related by the diffuser linking the
first-stage exit and the second-stage stagnation chamber; for the purposes
of this example, a value of 9G% of the isentropic pressure rise,

r, = 0.90, will be assumed. That is,

T"T(PSO)Z =r i3 (2.4-3)
Pms 1 . Pnz 1
The individual stage operating pressure ratios are (Ppo/qu)l and

(PPO/PSO)Z; the second-stage pressure ratio can be expressed in terms of

the first-stage pressure ratio by
\

;E£3%3-= ﬁil . r E!& . Eﬂi . (2.4-4)

PSO 1 PSO 2 d Phﬁ 1 PSO 1

The next step in the process is to select the operating points of

the ejector stages. toth [7,8] has discussed optimization of staged
ejector systems; a relative optimum can be achieved by operating each
stage at the same compression ratio and at its break-off point for the

given compression ratio. With this stiputation, the individual-stage

compression ratio, from Eqs. (2.4-2) and (2.4-3),
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EE = 3.5)2/( S0 )l—lllz . (2 4_5) 7
Peo)ia | TaCuoPis)s | -

SO
For this example, the specifications for each stage are identical in
non-dimensional form. These specifications are summarized in Table 2.4-1;

also, note that an overall compression ratio of 7.6 was assumed for this

system.
Table 2.4-1
Ejector specifications
Variable Value
(YS)1,2 1.405
(YP)1,2 1.405
(Mws/wa)l,z 1.0
(TSO/TPO)I,Z 1.0
(Apl/Am)l,z 0.25
(Pm )2/(Pso)1 7.6
(Mn )1,2 4.0

Using program CAE, the individual stage compression ratio is found

from Eq. (2.4-5) to be approximately

P
55-"- = 2.68 ;
s0 1,2

the remainder of the operating characteristics for the staged ejector are
given in Table 2.4-2.

Thus, a comparison of the values in Table 2.4-2 shows that some
gains can be made by staging. The two-stage ejector in the above example

requires approximateiy 39% less primary mass flow and about 16% less
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maximum primary pressure. However, in a broader view these gains might
not Ye significant when consideration is given to the additional hardware
required. Also, a more nearly optimum single-stage ejector could, in all

probability, be found for this application.

Table 2.4-2
Single and staged ejector performance comparison

Variable Value

(1) Two-staged ejector )
i (w_/w.) 0.47

‘ s'"p’1,2
(Pus/Pso)x,z 2.67
i 3‘ Mg 0.497
#n (Pya/Pea )y 2 68
}A’ (oo ),/ (Pgo ), 194
ﬁ (P )5/ (P, 7.6
; (w ) /(w ) 0.114
(2) Single-stage ejector
(wg /¥, ) 0.082
(Ps/Pso) ~7.6
Mg 0.43
o) 231

(Ppo/Ps

The result of this simple example indicates the need for further and

T

broader parametric studies of the two-stage versus one-stage ejector

—

system.
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3.0 EXPERIMENTAL INVESTIGATION

A series of cold-flow, air-to-air experiments has been conducted
with small scale axisymmetric ejectors. The configurations investigated
include:

(1) constant-area ejectors,

{2) variable-area ejectors, and

(3) slotted-nozzle ejectors.

The experiments provide a data base for comparison with the theory
developed in the preceding section and they also provide information on
the details of the ejector flowfields which cannot be predicted with the
simplified models.

Descriptions of the experimental apparatus and procedure and dis-

cussions of the results are contained in the following sections.

3.1 COLD-FLOW, AIR-TO-AIR, EJECTOR EXPERIMENTS

3.1.1 Experimental apparatus and procedure

The small-scale ejector apparatus is illustrated in

Figs. 3.1-1 through 3.1-6. Figure 3.1-1 is a photograph of the continu-
ous flow facility with the axisymmetric ejector and secondary, mass flow
measurement section installed. Also visibie are the test stands, con-
trol panel, and manometer bank. A second photograph of the axisymmetric
ejector is presented in Fig. 3.1-2 with the three mixing tubes used in
the experimental investigation. An additional schematic view of the
axisymmetric ejector design is given in Fig. 3.1-3.

Tne cold-flow, small-scale experiments were conducted with each of

the interchangeable, primary nozzles (M = 2 conical nozzle, M = 2.5

1045
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Figure 3.1-2 Axisymmetric ejector with (left to right) variable-area
mixing tube with diffuser; 1.245 in. [.D. constant-area
mixing tube installed; and 0.995 in. 1.D. constant-area

mixing tube
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i Mixing tube
r/ (interchangeable)

Static
pressure
wall taps

N

S UL L SISy

‘I/ Primary nozzle

I (interchangeable)

Secondary
flow

Primary flow

Figure 3.1-3 Schematic of axisymmetric ejector configuration
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l;——o.ns" diam l'" 0.715" diam
0.020"
__1 . :

10°

2.500"

|
- 12 Siots:
“‘Jl/ equally-

spaced,
' 0.020"" wide
X 2.190" long

{(a) Basic conical nozzle.

<— Nozzle
exit
plane

(b) Slotted extension

for nozzle.

Nozzle | M Op in.

P1

1 20 | 0550
2 25 | 0.440
3" 25 | 0.440

* Slotted nozzie

{¢c) Nozzle specifications.

Fiqure 3,1-4 Schematics and specifications of ejector

primary nozzies
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Figure 3.1-5 Schematics and specifications of ejector
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PSN’ " PSN 8
™ APy [+ P
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o N e
Primary ——s standard = ] — 1,
nozzle PO (
VDI
w,
Secondary\ >——1 standard S ,
/ nozzle
From atmosphere
— APggy  te—
Pssw Tssn
Figure 3.1-6 Experimental ejector set-up and notation
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conical nozzle, and M = 2.5 slotted nozzle of Fig. 3.1-4) in combination “-
with each of the interchangeable mixing tubes (1.245 inch I.D. constant- &
area tube, 0.995 inch I.D. constant-area tube, and variable-area tube
of Fig. 3.1-5). The exit area of the primary nozzles was constant pro-
viding for identical area ratios AM/AMs with each mixing tube.
The variable-area mixing tube was constructed such that the entrance
diameter was equal to the diameter of the larger 1.245 inch I.D. constant-
area tube while the exit diameter was equivalent to the diameter of the
smaller 0.995 inch I.D. constant-area tube. Pressure taps were added on
a 0.5 inch spacing through the tapered section of the tube for obtaining
the wall pressure distribution. The subsonic diffuser of Fig. 3.1-5 was
added to the variable-area tube in all cases and to the 0.995 inch I.D.
tube ir selected tests.
figure 3.1-6 is a schematic of the test set-up with notation for the
ejector and the primary and secondary mass flow measurement sections.
Air was used for both the primary and secondary gases in each experiment

while PPo was held constant and PB =P ; thus, the ratio PPO/PB or

ATM’
Poo/Paqyy Was constant. In addition, w, was constant for each run since
the primary flow was choked in the supersonic nozzle and PPo was
constant. The secondary stream was drawn from atmosphere; a valve in the
secondary flow line was used to change We and Pso. Hence, ws/wP and
PSO/PPo were the variables in each experiment. Since the experiments
were performed with constant values of PATH/PPO, the experimental results
may be thought of as intersections of the three-dimensional operating
surfaces, Figs. 2.1-2 and 2.1-3, with planes of PMM/PP° = constant.
Examples of the resulting two-dimensional parametric curves are sketched

in Figs. 2.1-4 and 2.1-7.
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3.1.2 Experimental results
The experimental results for the M = 2 conical primary :

nozzle in the 1.245 inch 1.D. (API/ANS = 0.333) and 0.995 inch 1.D. |
(AN/Am = 0.516) constant-area mixing tubes are presented in Figs. 3.1-7
and 3.1-8. Figure 3.1-7 is a plot of wrs/wP Vs Pso/Ppo . The experimental
values lie very close to the theoretical break-off curves' except at
very small values of ws/wP where, as previously discussed, the flowfield
becomes two-dimensional in nature. The compression ratio PM,M/Pso is

plotted against P in Fig. 3.1-8. The experimental data points lie

po/pso
below the theoretical break-off curves which simply indicates that the

t

ejector was operating in the P, /P independent regime.*

ATM

Due to the somewhat congested nature of the theoretical PMM/Pso ;
vs P, /P, curves, similar to those shown in Figs. 2.3-4(a-d), the i
theoretical curves were not completed in the PPO/PA,m independent region
of Fig. 3.1-8 except for W /W, = 0.316, 0.108, 0.974, and 0.043 at
A?I/Am = 0.330. Comparisons between the theoretical and experimental
results serve to validate the one-dimensional flow model.
From Fig. 3.1-8 it would appear that the ejector was operating
closer to the theoretical break-off curve for A“/AMs = 0.330; however,

a vertical line drawn through the experimental data and the theoretical

break-off curve to determine the break-off points, indicates different

' Recall that the theoretical w_/w. vs P o/Ppq Curve is invariant and
jdentical to the break-off curve’ in thd PPO?PAm independent regime.

SR

""Refer back to Section 2.3 and Fig. 2.3-4 for a more complete presenta-
tion of the typical operating characteristics of an ejector system as
determined from the theoretical constant-area ejector model.
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=== Theoretical break-off

Ap,/A,; = 0.516 o

6 = -
Experiments
M, =2
5 Mwg/Mw,, = 1 .
TSO/TPO =1
0_8' Yo =15 = 1.4
3 o) J
K ® 55 <P, /P, <56
' wg/w, =0.043
l l‘/ Symbol Am/Am
3 i J a 0.516 i
I a 0.330
"’ 'ws/wp =(0.074 Solid symbols: ws/wP =0
ne ___,...ws/wp =0.108 }

£ 1
®) we/w, =0.316

D@ ?

Figure 3.1-8 Constant-area ejector compression characteristics
(A, /Ag = 0.330. 2.516 and M = 2.0)
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values of ws/wP for each area ratio. This fact is borne out by the data
points for w,/w, = 0 at Abx/Ans = 0.330 and 0.516; these points indicate
that the ejectors were operated significantly below the applicable break-
off curve at lower values of w,/w, .

The experimental results for the M = 2.5 conical primary nozzle in
the 1.245 inch I.D. (A, /A, = 0.330) and 0.995 inch I.D. (Abx/Aws = 0.516)
constant-area mixing tubes as given in Figs. 3.1-9 and 3.1-10 follow the
same trends as for the M = 2 conical nozzle. Again, the experimental
values of w/w, vs Po /P,  are in good agreement with the one-dimensional
flow model except at low values of ws/w¥. Since the experimental data

points for P Pso VS Ppo/Ps, 1ie below the theoretical break-off

AT I\-l/ S0

curves, ejector operation in the P

- . e .
Wi independent regime is indicated.

Addition of the subsonic diffuser to the 0.995 inch 1.D. constant-area
tube did not alter the mass flow characteristics of Fig. 3.1-9 since the
diffuser affects only the recompression shock structure within the ejector

in the PPO/P independent regime. From Fig. 3.1-10 it is apparent that

ATM
the ejector was operating closer to the theoretical break-off curve with
the diffuser; however, the experiment with the diffuser installed was

conducted at PPO/P = 5.5; whereas, the experiment without the diffuser

ATM
wzs performed with PPO/PATM = 6.2. The difference in PPO/PATM, as will
be demonstrated below, snould have been responsible for the differences
in PAW/PSo values with and without the subsonic diffuser.

The experimental results ‘or the M = 2.5 slotted primary nozzle in
the 1.245 inch [.0. (AN/Am = 0.330) and 0.995 inch 1.D. (Apx/Ans =
0.516) constant-area mixing tubes are presented in Figs. 3.1-11 and

3.1-12. From Fig. 3.1-11 the experimental data for wg/wP ' PSO/PPo P
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=== Theoretical break-off |
curve
2
-
E 6 Experiments -
a Mp, =25
Mw /Mw, =1
To/Tpp=1 !
4 T =7 =14 ]

5.5 < Pog/P, 1y < 6.2

Symbol Api/Aps

a 0.330
's] 0.516
o 0.516 w/diffuser
0 L : 1
0. 20 40 60 80 100
PPO/ Pso

Figure 3.1-10 Constant-area ejector compression characteristics
(A,, /A = 0.330, 0.516 and M, = 2.5)
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0.516 w/diffuser

i
g. '
|

120

Figure 3.1-12 Constant-area, slotted-nozzle ejectnr compression
characteristics (A, /A = 0.330, 0.51€ and

M, = 2.5)
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generally follows the theoretical break-off curves. However, deviations
from the one-dimensional theory occur at larger values of ws/wP than for
the M = 2.5 conical nozzle of Fig. 3.1-9, which is not unexpected con-
sidering the geometry of the slotted nozzle. The compression ratio data
of Fig. 3.1-12 is quite similar to that of Fig. 3.1-10 and indicates

that the ejector was operating in the PPO/P independent regime.

ATHM
The experimental results for the M = 2 and M = 2.5 conical primary
nozzles in the variable-area mixing tube' are given in Figs. 3.1-13
through 3.1-18. The theoretical break-off curves are those for an
ejector operating under the same conditions but with a constant-area mix-
ing tube of Am/AMB = 0.516. Although the mass flow data of Fig. 3.1-13
deviates from the theoretical break-off curves, the one-dimensional
analysis for an area ratio based on the minimum mixing tube area provides
a fair representation of variable-area ejector performance, particularly
at higher values of ws/wh. The variation in PPO/PATM did not alter the

mass flow characteristics of Fig. 3.1-13 since the ejector, as shown in

Fig. 3.1-14, was always operated in the R independent regime.

ATM
Comparison of the compression ratio data of Fig. 3.1-14 shows that the
ejector operated closer to the theoretical break-off curves at the lower

valuas of PPO/PAT ; this demonstrates the desirability of operating at

M'
PPO/?8 values that are near the break-off curve in the independent regime.
Note that the dimensionless mass flow characteristics remain unchanged

even though the primary stagnation pressure is smaller. Figure 3.1-14

'Figure 3.1-5(a) shows this mixing section. The initial entrance diameter
is 1.250 inches converging at a wall angle of 6° to a minimum mixing tube
diameter of 0.995 inches.
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Figure 3.1-14 Variable-area ejector compression characteristics

(A,,/Ag = 0.516 and M, = 2.0, 2.5)
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Figure 3.1-15 Variable-area ejector wall pressure distributions
(A, /Ay = 0.516, M =2.0,and P, /P =5.6)
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Figure 3.1-16 Variable-area ejector wall pressure distributions
(A“/Am = 0.516, H“ = 2.0, and PN/PM_“ = 4.1)
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Figure 3.1-17 Variable-area ejector wall pressure distributions
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Figure 3.1-18 Variable-area ejector wall pressure distributions
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also shows that the ejector operated closer to the appropriate theoretical

break-off curve with the M = 2.5 conical primary nozzle; however, this is
‘ due to the fact that for constant Abx/AWs' an M = 2.5 nozzle requires a

higher value of P, /P,... than an M = 2 nozzle for PPO/PB independent

operation. The wall pressure distributions of Figs. 3.1-15 through

3.1-18 show that approximately constant pressure mixing occurred only at

higher values of w /w, and, consequently, at lower values of P . /P .

with PM/P“,m differences having little effect. In each of Figs. 3.1-15
| through 3.1-18 note that only the initial part of the wall pressure dis-
‘ tributions near the primary/secondary confluence are shown and that the

final compression is to much higher levels of P P

ATM/ so’

| The experimental results for the M = 2.5 slotted primary nozzle in

the variable-area mixing tube are presented in Figs. 3.1-19 through

Ly 3.1-22. The theoretical break-off curves are, again, those for an

iy

ty ejector operating under the same conditions but with a constant-area mix-
%‘ ing tube of I\H/I\c = 0.516, the area ratio corresponding to the constant-
area section of the variable-area tube. As seen in Fig. 3.1-19, the
experimental values for W /W, Vs Pso/Ppo 1ie very close to the theoreti-
cal break-off curve even at low values of ws/w,. The experimental data

s for P _../Pso VS Pyo/Pg, as shown in Fig. 3.1-20 indicate that the ejector

AT

was operated in the PPO/P

- independent regime and re-emphasize the unde-

sirability of operation at higher values of P,O/P than required since

ATM
the mass flow characteristics of Fig. 3.1-19 were identical at each value
of PPO/PAT‘. Figures 3.1-21 and 3.1-22 show that wall pressure varia-

£ tions at low "s/"r values were less drastic with the slotted primary
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Figure 3.1-21 Variable-area, slotted-nozzle ajector wall pressure
distributions (A, /A, = 0.516, M, = 2.5, and

Do/ Pai ™ 5.6)
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.. nozzle as opposed to the ronical primary nozzles of Figs. 3.1-15 through
3.1-18 and may account for the excellent agreement of the ws/w; Vs
Pso/Ppo data with the theoretical break-off curve of Fig. 3.1-19,
although the constant-area mixing tube data ot Fig. 3.1-11 would preju-
dice any conclusions based on primary nozzle design alone. Again, note
that only the initial portions of the wall pressure distributions are

presented in Figs. 3.1-21 and 3.1-22.
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4.0 CONCLUSIONS

Only some general conclusions will be drawn in this section since
spei:ific conclusions were included in the foregoing sections. The con-
clusions are:

(1) The constant-area ejector flow model and computer program
should be adopted as the basis for design and system studies. This model
most realistically predicts the operational characteristics of ejector
systems. The relationship and correspondence between variable-area and
constant-area mixing tube ejectors should be established by both experi-
ment and analysis.

(2) The analysis of variable-area mixing-tube ejectors should be
continued.

(3) The design of potential high-performance ejector. must improve
mixing and momentum transfer; scme designs with potential are: unsteady
flow, periodic pulsating fluw, resonance phenomena, and/or various
nozzle and mixing-tube geometries.

(4) The computer models develoved in this study should be augmented
and incorporated into an overall system program and further improvement

of sub-system models should be continued.

|
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